Objective: Landmark agnosia is a rare type of navigation impairment, for which various definitions have been presented. From a clinical as well as theoretical perspective, consensus on the characteristics of landmark agnosia would be valuable. In the current study we review the literature concerning landmark agnosia and present a new case study. Existing literature highlights the importance of examining familiar as well as novel landmark processing and substantial variation in performance patterns of individual patients. Method: We performed a case study with patient KS, a 53-year-old male, suffering from landmark agnosia, making use of elaborate neuropsychological screening and virtual reality-based tests of navigation ability. Results: Our extensive examination of his impairment shows that landmark agnosia can be very narrow; in KS it is restricted to recognition of newly learned landmarks only. Also, he has no trouble recognizing familiar landmarks that are not part of a navigated route. Conclusions: The literature review shows that the right temporal lobe, and the right hippocampus in particular are the main lesion sites for landmark agnosia. Furthermore, our case study substantiates that this disorder can occur for both familiar and novel landmarks, and can affect novel landmarks in isolation from familiar landmarks. Moreover, it can occur in isolation from problems with processing route information.
Introduction
Most healthy individuals experience hardly any problems in finding their way around, especially in familiar environments. We memorize buildings and turns we need to take and we create a mental representation of our surroundings. However, for neuropsychological patients, getting lost is a common complaint. People with such navigation impairment may experience situations in which they suddenly have no idea how to continue their route, or may have problems in creating and using a mental representation of their environment. The incidence of such navigation impairment is considerable (around 30% for patients with mild stroke), but moreover its correlation with subjective quality of life is high (Van der Ham, Kant, Postma, & Visser-Meily, 2013) . Therefore, a thorough understanding of navigation impairment is valuable. Navigation ability consists of many different aspects, like landmark recognition, route knowledge, mental representation, and perspective taking ability (see e.g., Wolbers & Hegarty, 2010) . This complexity makes it a difficult task to properly define navigation impairment, or "topographical disorientation." Aguirre and D'Esposito (1999) have provided a solution to this problem by presenting a taxonomy of navigation impairment. In their seminal paper they subdivide the disorder into categories: egocentric disorientation, heading disorientation, landmark agnosia, and anterograde disorientation. They link each of these categories to a model case in literature and provide a description of this particular case, which results in four separate and dissociable definitions. However, as navigation impairment is frequently studied in case studies, a substantial number of new case study reports have been published since the presentation of this taxonomy in 1999 (see for recent examples Ciaramelli, 2008; Ruggiero, Frassinetti, Iavarone, & Iachini, 2014; Van der Ham et al., 2010) . It could therefore well be that the originally presented definitions are in need of an update. For landmark agnosia in particular, Aguirre and d'Esposito mention "additional studies will be necessary" (p. 1622). The aim of the current paper is to examine the characteristics of landmark agnosia, by means of a literature review taking into account all case studies of navigation impairment in which landmark knowledge was affected and a new single case study. Such an accurate definition of landmark agnosia will not only help in a clinical setting where diagnostics are performed, but can also further theoretical frameworks concerning the role of landmark knowledge in navigation.
Literature Review
Aguirre and D'Esposito (1999) define landmark agnosia in terms of representation: "Unable to represent the appearance of salient environmental stimuli (landmarks)." Importantly, most case studies that were consulted for this definition relied solely on self-reports. Furthermore they state that it usually occurs in the absence of a perceptual deficit, but that this is not a requirement. The agnosia occurs for novel as well as known landmarks or buildings, and also identification of famous buildings is typically impaired. When the agnosia is found only for novel stimuli, it is considered anterograde disorientation according to the original description by Aguirre and D'Esposito (1999) . Spatial representations are usually intact. The lesion site found to be associated with landmark agnosia is proposed to be the lingual gyrus.
We have performed an extensive literature search for single case reports in which objectively measured problems with landmarks during navigation are discussed, using PubMed and Web of Science. The main criterion we used was that problems with landmarks were assessed with at least one objective large-scale task, such as route retracing in the real world. There is empirical evidence that small and large-scale spatial performance is partially dissociated at a behavioral as well as neurological level (e.g. Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 2006; Nemmi, Boccia, Piccardi, Galati, & Guariglia, 2013) , therefore explicit examination of large-scale performance should be considered in navigation ability assessment. Tests in both virtual reality and real environments were considered. This search led to a set of 17 articles in which 22 individual patients are discussed (see Table 1 for details). Notably, 18 of these cases were published after Aguirre and D'Esposito presented their definition of landmark agnosia.
After close examination of the tests used in all reports, a clear distinction could be made between tests focusing on recollection of familiar (either famous or very well known to the patient prior to the neurological event) and novel items. Furthermore, all studies used landmarks and/or scenes for tests measuring landmark knowledge, and all but two studies (Bird, Shallice, & Cipolotti, 2007; Whiteley & Warrington, 1978) also included tests concerning route knowledge. This division allows for a comparison between tests scores both at the level of familiarity (familiar and novel) and at the level of spatial content (landmarks and routes).
Apart from the cognitive findings we examined the methodological rigor of each report by checking for the inclusion of matched control participants (including the use of standardized test scores), a description of statistical procedures used, and description of the neuropsychological disorder.
As landmark knowledge can be considered a higher order visuospatial process, one can argue that assessing the quality of lower-order visual processing is highly informative. Impairments in lower level visuospatial perception have substantial consequences for the interpretation of problems in landmark knowledge; when a given object is not perceived completely or correctly, it is difficult to use it as an informative landmark. Therefore, we checked whether the quality of visuospatial perception was examined for each case.
In Table 1 we summarize our findings. For each combination of familiarity (Familiar and Novel) and type of information (Landmark and Route), and for visuospatial assessment we report whether the performance of the patient was intact (+), impaired (-), mixed across different tests or at borderline level (+/-), or not assessed (NA). Table 1 shows that familiar landmark recognition can be intact when novel landmark recognition is impaired, but so far intact novel landmark recognition has not been found in combination with impaired familiar landmark recognition. This single dissociation pattern suggests that the processing of familiar and novel landmarks concerns at least partially separate processes. Although Aguirre and d'Esposito (1999) proposed that a selective impairment for novel landmarks should be considered as anterograde disorientation instead of landmark agnosia, the four studies in which this pattern is found consider this an impairment specifically centered around landmarks (Bird et al., 2007; Epstein, DeYoe, Press, Rosen, & Kanwisher, 2001 (case GR); Maguire, Nannery, & Spiers, 2006; Takahashi & Kawamura, 2002 (case 1) ). Furthermore, Takahashi and Kawamura (2002) explicitly labeled it "landmark agnosia." A similar single dissociation pattern is found for route knowledge; when novel route knowledge is impaired, familiar route knowledge may still be intact, yet the reverse has not been found. Furthermore, this distinction agrees with the recent literature review on navigation impairment case studies (Claessen & van der Ham, 2017) . The distinction between novel and familiar environments is consistently present in literature for landmark agnosia as well as other domains of navigation impairment, and is more likely a subdivision within different navigation domains than a distinction in its own, as was suggested for anterograde disorientation. A comparison of performance on route and landmark tests shows that route knowledge can be intact when landmark knowledge is impaired for familiar information, whereas the reverse pattern has been found once (Maguire et al., 2006) . For novel information, all reports concern borderline or impaired scores and therefore reveal no dissociations.
With regard to lesion location associated with landmark agnosia, eighteen cases (82%) implicate the involvement of the right temporal lobe, out of which eight (36%) are linked to the right or bilateral hippocampus. The parietal lobe is implicated in three cases and no direct lesion information was available for two remaining cases.
The examination of methodological rigor and visuospatial screening showed that for only seven cases (32%) both were sufficiently reported, out of which visuospatial processing was intact for four cases (18%). In total, the methodological criteria we set were met by 13 case reports (59%) and visuospatial screening was reported in 10 cases (45%) (six of which (27%) showed no visuospatial problems). In addition, only five of the papers (Bird et al., 2007; Herdman, Calarco, Moscovitch, Hirshhorn, & Rosenbaum, 2015; Maguire et al., 2006; Rosenbaum, Gao, Richards, Black, & Moscovitch, 2005; van der Ham et al., 2010) explicitly mentioned using case study specific statistics (e.g., Crawford & Garthwaite, 2007) Case Study
Through a hospital referral, we were presented with a patient with highly selective navigation complaints; at times he was unable to recognize his environment. In order to study the spatial characteristics of this self-reported problem, we used an elaborate navigation task battery, making use of virtual reality. Several other tasks were added to examine the specificity of this navigation impairment.
Case Description
KS is 54-year-old man who experienced traumatic brain injury after a traffic accident (2 years and 1 month before current examination). Directly after the accident he briefly lost consciousness and experienced temporary retrograde amnesia. Computed tomography (CT) scans revealed no visible brain damage or skull fracture. After the accident he suffered from several cognitive complaints; general memory problems (mainly verbal), difficulty in chairing meetings at work, and difficulty in continuously focusing on work. After the accident he continued his job as the director of a company providing translation services, yet he reduced his working hours to a maximum of 20 hr per week. Occupational therapy has helped him with his daily activities; he has learnt to prepare meetings and keep track of main issues during important conversations by writing them down directly.
Apart from these complaints, he reported specific problems with finding his way around. He described these problems as being disoriented at unexpected moments when he follows a particular route. At these moments he cannot recognize his environment and does not know how to continue his route to reach his goal. In some instances he would then continue on his way and reach a different location than planned, to his surprise. The frequency of these incidents is quite high: they occur at least once when he traveled for 30 min or longer. The incidents themselves last 1-5 min and disappeared as sudden as they appeared. It does not matter whether the environment and the route are familiar or unfamiliar, and there are no particular characteristics that he thinks are associated with the incidents of being lost. He experiences the incidents as an overload of information, leading to a "crash of his hard drive." He genuinely does not recognize his surroundings at a given point in time. When these incidents would first happen, KS would feel panicked, yet as he has gotten used to them, they no longer bother him as much. He has taught himself to rely more on navigation assistive devices such as GPS trackers to anticipate on getting lost, but this strategy does not reduce the frequency or intensity of the incidents.
In his initial neuropsychological examination (1 month after the accident) impaired scores were found for verbal memory (Rey Auditory Verbal Learning Task (Rey, 1964; Taylor, 1959) , first percentile; Rivermead Behavioural Memory Test Story subtest (Wilson, Cockburn & Baddeley, 1985) , first percentile). Additionally, he showed some difficulty in writing, when asked to write a story, as he would omit the last parts of some words. He did not have impaired scores on tasks with regard to general cognitive functioning, language, working memory, memory in general (including memory for locations, as measured by the Location Learning Test, Bucks & Willison, 1997) , perception, psychomotor speed, attention, executive functioning, and visuoconstruction. The complete task battery and scores are provided in Table 2 .
Methods
Participants. To interpret the scores on the experimental tasks and a selection of the standardized neuropsychological tests a control group of nine men was used, matched for age and education level to KS (p > .10 for both comparisons). The descriptive statistics of KS and the control group are presented in Table 3 . For all other tests, available published norms were used. All participants provided written informed consent prior to participation.
Task selection. A selection of standard neuropsychological tests that had not been included in his prior clinical examination was added. The standardized tests used were the Dutch version of the National Adult Reading Test (NART) (Schmand, Bakker, Saan, Louman, 1991) , to provide an estimate of premorbid IQ, the Corsi block tapping task, forward and backward condition (Corsi, 1972) to assess spatial working memory, the trail making task to measure divided attention (Reitan, 1955) , and the Digit Span subtest (Wechsler Adult Intelligence Scale -III) to assess verbal working memory (Wechsler, 1987) . Furthermore, the Benton Facial Recognition Test (Benton, Sivan, Hamsher, Varney, & Spreen, 1994) , Visual Object and Space Perception battery (Warrington & James, 1991) , and the Cortical Vision Screening test (James, Plant, & Warrington, 2001) were used to assess different aspects of visual perception.
As there were some unclear observations with regard to his writing performance in the previous neuropsychological examination, we also included another writing test to observe this in more detail. Given the nature of his complaints, the experimental tasks we used focused mainly on assessing his navigation ability. We used an adjusted version of the Virtual Tübingen task, which makes use of the realistic virtual rendering of the German town of Tübingen (see van Veen, Distler, Braun & Bülthoff, 1998); a task, which has previously been used to assess navigation impairment, with an elaborate set of route knowledge questions (e.g. Van der Ham et al. 2010) . In this task, the participants passively viewed a movie of a route through the realistic city environment, with a duration of 210 s and a length of 400 m. The route included 11 decision points and was played at a speed slightly above regular walking speed, with a viewpoint at average eye height. The movie was shown twice with the instruction to memorize everything in the video as well as possible. After this, the participants were given ten tasks assessing a wide range of aspects of memory for the route. In the scene recognition task, 11 screenshots from the route and 11 distractors were shown on a computer screen in random order. The participant was instructed to identify which screenshots were present in the route. The route continuation task assessed whether participants remembered which turn was made in the route in the video at each of the eleven decision points, presented in random order on the screen. Responses were given by pressing the left, up or right arrow. This task assesses the ability to link a direction to a specific location. In the route sequence task, participants were asked to indicate the sequence of turns that were made in the route in the video, regardless of the scenes at the decision points. They were provided with small cards with arrows and were asked to rotate them in the appropriate direction and line up the sequence of turns throughout the route from left to right on the table. The total number of cards was not provided; participants were free to use any number of cards. This task provides an indication of whether a memorization strategy of mentally repeating "left, left, right, straight ahead" was used. For route order, participants organized 11 cards with scenes from the route in the order they thought they had appeared on the route, by placing them on the table from left to right. In the route position task, they were asked to indicate for each of the 11 decision points where they encountered it along the route, by drawing a vertical line on a horizontal line which represented the entire length of the route. For the route distance task, a similar indication was asked for the distance between two decision points; they were asked to indicate the proportion of this distance with regard to the total length of the route, also by drawing a vertical line on a horizontal line. Both these tasks assess the geometric precision of route memory. In the pointing task, participants were asked to indicate either the starting point or the endpoint from the route at a specific decision point shown on the computer screen, by rotating a horizontally placed rotation device in the appropriate direction. Pointing provides an indication of sense of direction, as well as a measure of mental map quality. In the route drawing task, mental map quality was also assessed. Participants were presented with a map of the environment, with an indication of the starting point and direction of the route. They were asked to draw the route on this map. Lastly, they were asked to select the correct map of the route out of four options in the map selection task.
Apart from the Virtual Tübingen task, it was also verified if participants were able to use a map. They were presented with a map of the room they were in during testing, presented in a congruent or incongruent position with regard to the room. In four trials they were asked to point out corners of the room on the map and on four other trials they were asked to point out corners of the map in the room. Furthermore, perspective taking ability was measured, by presenting participants with a layout of drawings on a sheet of paper, with the question: Imagine you are at object A, facing object B, point to the location of object C. This was repeated 16 times. Responses were given with the same pointing device as for the pointing task.
As KS reported to have problems with recognizing his environment, he was also specifically asked about famous landmarks. Five internationally well-known landmarks were presented with the question what they were and in what country they could be found (landmarks used: Stonehenge, pyramids, Eifel tower, tower of Pisa, Taj Mahal). Also, five typical and wellknown local landmarks taken from the city of Utrecht were selected, the city where KS has lived for over 30 years (landmarks selected: Dom tower, city theater, statue of a Dutch queen in one of the main parks, central post office, university library). He was asked to name the landmarks and provide an indication of their location (responses locating for instance a square or park the landmark was in were considered correct).
To observe any potential problems with writing he was also asked to copy a text on a sheet of A4 paper, as well as an A4 paper folded in half vertically to restrict the width of the writing space. Also, he was asked to write down a self-generated text.
Procedure. KS was tested on two separate days. On the first day he performed the navigation task battery, and the standardized tasks measuring premorbid IQ, memory, and attention. All control participants performed these tasks as well, in a single session. On the second day, the famous landmark recognition test and standardized tests measuring basic visual perception were administered.
Data analyses. For the standardized tests, norm scores were used to interpret KS's performance (impaired or not impaired). For the other tasks, KS's performance was compared to the mean of the controls for each task, using Crawford single case statistics for the comparison (Crawford & Garthwaite, 2007) and effect size calculations (Crawford, Garthwaite, & Porter, 2010) .
Results
Standardized tests. The scores of the standardized tests that were also performed by the sample of control participants are shown in Table 4 . KS did not deviate from the control sample on any of these tasks. Furthermore, the tasks focusing on basic visual perception showed no indication of impairment in the perceptual domain. The score on the Benton Facial Recognition Test short form (22) Table 5 . The statistical comparisons indicate that KS only differed significantly from the healthy controls for scene recognition, with a score within the lowest 2% of the statistical distribution of the scores of the controls (1.8%). To further explore KS's performance on scene recognition, signal detection analysis was performed, followed up by Crawford single case statistics. This revealed that d' for KS (0.74) was marginally lower than for the controls (mean d' = 3.99, standard deviation = 1.92), t(8) = 1,61, p = .073 and comparable for the criterion (KS criterion = 0.24, control mean criterion = 1.19, standard deviation = 0.78), t(8) = 1,16, p = .141. The direction of bias was similar: conservative in KS and in 7 out of 9 controls. In addition, KS's score on scene recognition was compared to chance level performance (50%), showing it was not significantly different from chance, t(21) = 1.30, p > .10. None of the other navigation tasks showed any indication of impaired performance (t < 1 in all cases), as is also reflected by the effect sizes, indicated by Cohen's d. Spatial tasks. In Table 6 the results of the two spatial tasks, map use, perspective taking, and landmark recognition are shown. In map use and perspective taking KS's score did not deviate from the mean score of the healthy control participants. For landmark recognition KS performed at optimal level, therefore no control participants were included for this task. Writing. As in the original neuropsychological examination, KS's writing was observed and showed some unusual characteristics; this was repeated for the current examination. Now, again some parts of words were missing, but in a systematic way: as he wrote relatively fast, he had a tendency to leave out or minimize the final letters of words. When the paper to write on was half as wide, his writing became more precise and legible, and no omissions were made. The writing observations therefore appear to be attributable to a speed accuracy trade off, instead of a language, perceptual, or motor problem.
Discussion
In the neuropsychological examination performed soon after his accident, KS showed some impairment within the verbal memory domain. In contrast, he scored at an average level for general tests of memory, including the Location Learning Test, which is explicitly spatial. Given his specific complaints we composed a task battery with an extensive test of navigation ability, using virtual reality. His performance showed to be comparable to that of the healthy control participants in all but one task. Only on the scene recognition task he performed significantly worse than control participants. It could be argued that with multiple tests, a p value of .04 may not seem to constitute a strong impairment. However, when considering the absolute score of 14, which is at the lowest 1.8% of the statistical distribution of the scores of the controls, this is a considerable difference. Moreover, the other navigation test scores were highly comparable to the scores of the controls. This is also reflected by the clear difference in effect size between the scene recognition score and the other scores. Additional analyses show that KS's performance is comparable to chance level performance on the scene recognition task. Furthermore, signal detection measures showed somewhat lower discriminability and similar conservative bias for KS compared to controls. This means that KS's performance is not only lower, it is also qualitatively different: target detection is slightly more difficulty for him.
This finding confirms KS's description of what happens when he gets lost; he has trouble recognizing his environment. What is striking about this result is that even with an impairment in recognition, other types of information connected to the scenes are still intact. Even if KS does not know whether he has seen a particular scene, he still knows the relative and absolute position of that point along the route, what turn he took at that point, and the layout of the environment. This confirms previous findings on dissociable functions of navigation ability (e.g. van der Ham et al., 2010) . KS shows that recognizing a landmark is not a prerequisite for remembering spatial and spatiotemporal features of that landmark.
Also, when taking into account the other measures, the impairment appears to be highly specific. KS had no problems in using a map of a spatial environment and showed normal perspective taking ability. KS did not show any working memory impairment, neither verbal nor spatial. Premorbid intelligence level and attention shifting were also highly comparable to that of controls. His basic visual perception did not show any impairment either, as tested with two different visual and object perception task batteries. As in some cases landmark agnosia has been linked to prosopagnosia (the inability to recognize faces, see e.g., Aguirre & D'Esposito, 1999) , he was also tested on face perception and face comparison, he showed to be unimpaired in this ability.
When examining landmark agnosia literature, it is commonly noted that participants have an inability to recognize familiar landmarks, regardless of whether they are part of a navigation exercise. Therefore, KS was asked about famous world landmarks and very well-known landmarks in the city he lived in for many years. He had no problem recognizing these landmarks. This means that his case of landmark agnosia might be narrower than has previously been found. It appears that only landmarks that are part of an environment he travels through and provide navigational input, are linked to a recognition problem. This also is in line with his self-report, he only experiences the incidences of not knowing where he is during navigation, not when he remains in one place.
It should be noted that in our test we intentionally used whole scenes, screenshots taken from the route, instead of individual landmarks. We did so, to be able to use the same images for all tasks and to be able to use a realistic environment. The virtual environment used was a digital rendering of an actual city, and therefore included, pavements, roads, buildings, trees, In short, the current data suggest that the rare condition of landmark agnosia might even be more specific than has previously been reported. It is possible that landmark agnosia can occur in a very narrow way; it is at least possible that it only affects recognition when moving around. Landmark recognition unrelated to a particular route can remain unaffected. Moreover, landmark recognition is not required for memory of other landmark properties or other characteristics of a given route.
General Discussion
Our goal was to examine the characteristics of landmark agnosia. This disorder has been reported on numerous occasions, but consensus on its characteristics is still lacking. To shed more light on this matter we performed a literature review and presented a novel case of landmark agnosia. We came across 22 case reports in which problems concerning landmarks were discussed. A single dissociation was found between novel and familiar landmarks. Processing of familiar landmarks can be intact when novel landmark recognition is impaired. So far, the opposite pattern has not been found. In contradiction to the proposed definition by Aguirre and d'Esposito (1999) a selective impairment for novel landmarks has been considered landmark agnosia by others. A similar single dissociation also applies to route knowledge; impaired novel route knowledge can exist with intact familiar route knowledge, the reverse has only been reported once. Furthermore, landmark processing can be impaired in isolation from route processing, for familiar information in particular.
Although Aguirre and d'Esposito have presented the lingual gyrus as the lesion site for landmark agnosia, the current literature overview implicates the right temporal lobe, and the right hippocampus in particular as the main neural correlate of this impairment (82% and 36% of all cases, respectively). The role of familiarity as presented by Aguirre and d'Esposito is somewhat different to what we found here. Instead of considering problems with novel environments as a separate type of navigation impairment current findings suggest that familiarity is a subdivision within landmark agnosia, similar to what has recently been reported for all domains of navigation impairment (Claessen & van der Ham, 2017) . Others have reported separate neural underpinnings of processing familiar and novel information (Boccia, Nemmi, & Guariglia, 2014; Epstein et al., 2001) . It should be noted that a difference in exposure time between novel and familiar environments might cause differences in task difficulty; this subdivision could therefore be not only qualitative, but also quantitative.
A critical note is in order concerning the methodologies reported in these studies. Although problems in processing landmarks could have alternative explanations within the domain of visuospatial perception, this was only explicitly excluded in six out of 20 case reports. Furthermore, methodological soundness in the form of using matched control participants as a reference and reporting statistical analyses was found for thirteen reports. Combining these two properties leads to four cases that meet both criteria. This suggests that for most studies, results should be interpreted with some caution.
We examined patient KS, who was brought in with self-reported navigation impairment. The performance pattern of KS shows for the first time that landmark agnosia can be specific for novel landmarks, with intact novel route processing. Furthermore, KS provides the fifth case to confirm that landmark agnosia can be restricted to novel information, whereas landmark processing is intact for familiar information. Given the high specificity of this impairment it seems more appropriate to consider these cases part of landmark agnosia, not anterograde disorientation, as was proposed by Aguirre and d'Esposito (1999) .
Taken together, we have shown landmark agnosia has been reported to occur for both familiar and novel landmarks, and can affect novel landmarks in isolation from familiar landmarks. Moreover, for both familiar and novel settings landmark agnosia can occur in isolation from problems with processing route information. The main lesion site implicated in landmark agnosia is the right temporal lobe, and the right hippocampus in particular.
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